Nerve sheath cells of the peripheral nerve consist of Schwann cells, perineurial cells, and endoneurial fibroblasts (1) . These cells exhibit characteristic ultrastructural features and immunophenotypes (1, 2) . S-100 protein and epithelial membrane antigen (EMA) are known as specific markers to Schwann cells and perineurial cells, respectively (1) (2) (3) . Recently, erythrocyte glucose transporter protein 1 (Glut1) was also reported to be expressed in perineurial cells (4) . However, no specific markers have been identified to endoneurial fibroblasts.
Peripheral nerve sheath tumors and tumorlike lesions are composed of a proliferation of these nerve sheath cells in varied composition and proportion. Ultrastructural studies suggested that schwannomas are principally composed of Schwann cells (5) . This is supported by a diffuse immunoreactivity of S-100 protein in schwannomas (6) . Perineuriomas are composed of EMApositive cells, which also possess ultrastructural characteristics of perineurial cells (7) . On the other hand, although ultrastructural studies have demonstrated the presence of Schwann cells, perineurial cells, and fibroblastic cells (5, 8) , the participation of perineurial cells in neurofibromas has not fully been proven immunohistochemically (9) . The constituents of malignant peripheral nerve sheath tumors (MPNST) are still poorly understood. Furthermore, CD34-positive cells are frequently observed in nerve sheath lesions, but the nature of the positive cells remains to be clarified (10) .
To clarify these issues, we studied the expression of immunohistochemical markers specific to nerve sheath cells in various nerve sheath lesions. Because EMA usually exhibits weak immunoreactivity to normal perineurial cells, a highly sensitive detection method was also used.
MATERIALS AND METHODS
Nerve sheath lesions studied included traumatic neuroma (5 cases), schwannoma (10 cases), neurofibroma (14 cases), perineurioma (3 cases), conventional MPNST (7 cases), and MPNST with perineurial differentiation (4 cases). All neurofibromas except for one cutaneous plexiform type were localized neurofibromas (11) . Four tumors of MPNST arose in patients with neurofibromatosis Type 1 and another in a neurofibroma. Perineurial cell features were ultrastructurally confirmed in all tumors of perineurioma and perineurial MPNST. Perineuriomas consisted of one sclerosing perineurioma (12) and two soft-tissue perineuriomas. Two cases of the perineurial MPNST have previously been reported (13) .
Using the ENVISIONϩ method (DAKO, Carpinteria, CA), the following antigens were detected in formalin-fixed, paraffin sections: S-100 protein (polyclonal, dilution 1:300; DAKO), EMA (monoclonal, clone E29, 1:100; DAKO), CD34 (monoclonal, clone My10, 1:30, pretreatment required in an autoclave for 5 minutes at 121°C; Becton Dickinson, San Jose, CA), and Glut1 (polyclonal, 1:200, pretreatment required in an autoclave for 5 minutes at 121°C; DAKO). The ENVISIONϩ method uses high molecular weight polymers labeled with many secondary antibodies and horseradish peroxidase to simply obtain a highly sensitive reactivity. Furthermore, the catalyzed signal amplification (CSA) system (DAKO) was used for the detection of EMA. The CSA system greatly increases the sensitivity of the immunoreactivity, using biotinylated tyramide (14) .
RESULTS
Immunohistochemical results are summarized in Table 1 .
In normal nerves, EMA was expressed only in perineuriums, and immunoreactivity was enhanced by the CSA system. Glut1 expression was also observed in perineuriums as well as erythrocyte membranes (Fig. 1A) . A few spindle-shaped and stellate cells within the endoneurium were positive for CD34, whereas Schwann cells and perineurial cells were negative (Fig. 1B) . Some mesenchymal cells outside the nerves as well as endothelial cells also exhibited CD34 immunoreactivity.
Small nerve fascicles proliferating in neuromas were surrounded by EMA-and Glut1-positive perineuriums ( Fig. 2A) . CD34 immunostains showed many positive cells, which were often localized between nerve fibers and the perineurium and were different from either S-100 protein-positive Schwann cells or EMA/Glut1-positive perineurial cells.
All schwannomas showed typical Antoni A and B patterns and nuclear palisading, often associated with ancient changes. Most tumor cells were diffusely positive for S-100 protein. The capsules were immunoreactive with EMA and Glut1 (Fig. 3A ). There were a few long, slender cells exhibiting both Glut1 and CD34 immunoreactivity in the peripheral areas close to the capsules (Fig. 4) . Interestingly, some spindle-or stellate-shaped cells in myxoid Antoni B areas were immunoreactive to CD34, whereas A areas were devoid of positive cells (Fig.  3B ).
In neurofibromas, many tumor cells with curved nuclei as well as Meissner-type tactoid bodies were positive for S-100 protein (Fig. 5A ). All cases contained varied numbers of CD34-positive cells (Fig.  5B ). CD34-positive cells were more numerous at the periphery of lesions and in fibrotic areas. In addition, multivacuolated cells floating in myxoid areas also showed CD34 positivity. EMA and Glut1 immunostains by ENVISIONϩ showed only a small number of positive cells, most of which were arranged in perineurium-like structures. However, the CSA system demonstrated more numerous 
N ϭ case number; EMA ϭ epithelial membrane antigen; CSA ϭ catalyzed signal amplification system; Glut1 ϭ glucose transporter protein 1; MPNST ϭ malignant peripheral nerve sheath tumor; ϩϩϩ ϭ many positive cells; ϩϩ ϭ some positive cells; ϩ ϭ a few positive cells; Ϫ ϭ negative; (%), percentage of positive cases; * ϭ immunoreactivity in capsules.
EMA-positive spindle cells that were scattered throughout the lesions (Fig. 5C ).
Sclerosing perineurioma arising in the digit was composed of spindle and epithelioid cells in a densely fibrous background. The tumor cells were S-100 protein negative but were positive for both EMA and Glut1 (Fig. 6) . In two cases of soft tissue perineurioma, spindle-shaped tumor cells exhib- ited similar immunoreactivities: S-100 protein negativity and EMA positivity (by the CSA system). One of these also showed Glut1 reactivity. Another tumor contained a few CD34-positive cells.
Conventional MPNST included in this study showed a cellular spindle cell proliferation alternating with hypocellular areas and sometimes were associated with neurofibroma-like areas, small cell areas, or whorl formation. S-100 protein-positive cells were seen in six of seven tumors (Fig. 7A) . The number of positive cells varied greatly between tumors. EMA-positive cells were demonstrated in six of seven tumors by the CSA system, and Glut1, in two of six tumors by ENVISIONϩ (Fig. 7B) . Cellular morphology of positive cells was varied, ranging from nondescript spindle cells to small round cells. Cells constituting whorls and perineurium-like structures also showed immunoreactivity to EMA/ Glut1. A few CD34-positive cells were observed in four of seven tumors (Fig. 7C) .
In the perineurial MPNST characterized by welldeveloped cellular whorls (Fig. 8A) , many EMApositive cells were detected by the CSA system, and some also showed Glut1 positivity (Fig. 8B ). All four tumors exhibited EMA or Glut1 immunoreactivity. On the other hand, S-100 protein was negative, whereas one tumor contained many CD34-positive cells.
DISCUSSION
Among the immunohistochemical markers for nerve sheath cells, S-100 protein was introduced in immunohistochemistry very early and is still a useful marker for Schwann cells (15) . Some studies have reported immunoreactivity of EMA in peri- neurial cells and their tumors (3, 16, 17) . With the expression of this epithelial marker as well as the ultrastructural evidence, perineuriomas have recently been established as a distinctive peripheral nerve tumor entity (6, 11) , and several variants, such as sclerosing (12, 18) , reticular (19) , and intraneural (20) types have been described. In addition, a malignant counterpart of perineuriomas has been proposed, based on the characteristic microscopic features and EMA immunoreactivity (13) . Furthermore, Glut1 was recently added to the group of nerve sheath cell markers (4). Glut1 is a transmembrane protein that mediates facilitative transport of glucose (21) . Its expression has been reported in various normal and neoplastic conditions as well as in the erythrocyte membrane (21, 22) . In normal peripheral nerves, Glut1 is expressed by perineurial cells (4, 23) . However, no immunohistochemical studies about this protein have been carried out on peripheral nerve sheath tumors, to our knowledge. Another marker of nerve sheath cells is CD34, which was first identified as a marker of hematopoietic progenitor cells. Soon, CD34 expression was identified in several soft tissue tumors, including dermatofibrosarcoma protuberans, solitary fibrous tumor, epithelioid sarcoma, gastrointestinal stromal tumor, and so on (11) . Although CD34-positive cells have also been reported in some nerve lesions (10) , the nature of the positive cells has not been clarified.
The present immunohistochemical studies on normal nerves and traumatic neuromas suggest that Glut1 is a useful marker for perineurial cells like EMA and that CD34 seems to be expressed by endoneurial fibroblasts. Glut1 was solely localized on the perineurium of proliferated nerve fascicles in neuromas. CD34-positive cells were mainly present within the endoneurium and were not consistent with EMA/Glut1-positive perineurial cells or S-100 protein-positive Schwann cells, suggesting that the CD34-positive cells may correspond to endoneurial fibroblasts. Weiss and Nickoloff (10) also considered that CD34-positive cells were distinct from Schwann cells, "conventional" fibroblasts, and perineurial cells.
The present studies confirmed that schwannomas are principally composed of S-100 protein-immunoreactive Schwann cells (2) . Their capsules consistently expressed EMA/Glut1-immunoreactivities (16), indicating that they are directly derived from the perineurium of original nerves. Furthermore, there were a few cells exhibiting both perineurial (Glut1) and fibroblastic (CD34) immunophenotypes at the peripheral areas close to the capsule. Some ultrastructural studies of neurofibromas indicated the presence of an intermediate type of cells, between perineurial cells and fibroblasts (5, 8) . Our immunohistochemical results may also suggest the presence of intermediate The constituents of neurofibromas are still controversial (9) . Ultrastructural studies suggested the presence of perineurial cells, endoneurial fibroblasts, and intermediate cells, as well as Schwann cells (5, 8) . However, the heterogeneous cell populations have not been confirmed immunohistochemically (9, 16, 17) . Individual tumor cells dispersed in neurofibromas usually lack EMA immunoreactivity, although perineurium-like structures are positive. In the present study, we used a highly sensitive immunohistochemical procedure, the CSA system, to enhance EMA immunoreactivity. This method enables a trace of antigens to be detected. EMA immunoreactivity enhanced by the CSA system was demonstrated not only on perineurium-like structures but also on many individual tumor cells. Considering these results, neurofibromas contain a varied number of perineurial cells, but most of them could not be demonstrated by conventional immunohistochemical methods, probably because of the lower level of antigen expression and a sparse distribution of slender tumor cells (9) . In addition, CD34 immunoreactivity suggests the presence of endoneurial fibroblasts in neurofibromas. Therefore, the heterogeneous cellular constituents of neurofibromas were immunohistochemically confirmed in the present study.
The cellular heterogeneity is also shown in conventional MPNST. In addition to S-100 protein- positive Schwann-like cells, there were varied numbers of EMA/Glut1-positive cells and CD34-positive cells, indicating the constitutional similarity to neurofibromas, as suggested elsewhere (24 -26) . About one third to one half of MPNST lack S-100 protein immunoreactivity (6, 11) . The negative reaction may be caused by not only tumor cell anaplasia but also by different constituents than Schwann cells. For the immunohistochemical diagnosis of MPNST, nerve sheath markers other than S-100 protein, such as CD57 (Leu-7), EMA, Glut1, and CD34, should also be included in the panel of antibodies.
All tumors of perineuriomas and perineurial MPNST were S-100 protein negative and EMA and/or Glut1 positive. Interestingly, some tumors also included CD34-positive fibroblastic cells, suggesting the presence of transitional form.
In summary, the present study revealed that various lesions of the peripheral nerve show characteristic cellular compositions. Glut1 as well as EMA are useful markers for perineurial cells. To demonstrate the latter properly, more sensitive immunohistochemical procedures appear to be necessary. CD34 may be expressed by endoneurial fibroblasts, which are another important constituent in some peripheral nerve lesions.
